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To examine the inﬂuence of salt-wedge intrusion on ecological processes at lower trophic levels in es-
tuaries, we investigated seasonal variability in the nutrients, phytoplankton biomass (chlorophyll a),
zooplankton density, and composition in the Yura Estuary, Japan. Phytoplankton composition was
determined under two discriminative regimes: salt-wedge regime (summer) and freshwater regime
(winter). Phytoplankton from two groups bloomed simultaneously under the salt-wedge regime.
Freshwater and brackish phytoplankton dominated the upper freshwater layer (w16,100 cells mL1)
while marine phytoplankton were dominant below the halocline (w12,200 cells mL1). Both phyto-
plankton groups grew using riverine nutrients. Marine phytoplankton increased closer to the tip of the
salt-wedge, indicating that marine phytoplankton grew in situ in the river. The residence time of salt
water increased due to the low river discharge from spring to summer, enhancing mineralization in the
salt-wedge. Regenerated nutrients in the salt-wedge contribute to subsequent marine phytoplankton
blooms. Copepods were more abundant in the salt-wedge (w80.9 ind. L1) than in the upper freshwater
layer (w14.2 ind. L1) during summer. Phytoplankton and zooplankton densities under the freshwater
regime (winter; w360 cells mL1, w39.7 ind. L1) were lower than under the salt-wedge regime
(summer). The high river discharge under the freshwater regime ﬂushes out the salt-wedge and dis-
courages biological production in the river. Our results showed that salt-wedge intrusions change the
physical conditions and nutrient dynamics, enhancing biological production in the salt-wedge estuary.
 2014 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-SA license.1. Introduction
Estuaries are the most productive areas among marine ecosys-
tems as they receive rich riverine supplies of nutrients and so
provide important ecosystem services, such as food production and
nutrient cycling (Costanza et al., 1997). Moreover, they are in-
terfaces between freshwater and seawater, providing complex
physicochemical habitats to plants and animals.and Estuarine Environment
te, 3-1-1 Nagase, Yokosuka,
abe).
omology, Rhodes University,
r Ltd. Open access under CC BY-NC-SASalt-wedge (highly stratiﬁed) estuaries have relatively deep river
channels and a micro-tidal environment, leading to the absence of
tide-induced turbulence and allowing a strong density stratiﬁcation
to be maintained (Haralambidou et al., 2010). In salt-wedge estu-
aries, a salt-wedge regime is established during low river ﬂows,
whereas during high ﬂows the salt-wedge is ﬂushed away and the
estuary is occupied by freshwater (a freshwater regime). Under a
salt-wedge regime, a sharp halocline is developed, separating the
upper low salinity layer from the high salinity bottom layer. The
effects of salt-wedge intrusions on biogeochemical parameters have
been the focus of many studies. Recently, dam construction and
increases in water use due to human activities have been causing
declines in river discharge worldwide (e.g., Sierra et al., 2004). De-
clines in river discharge encourage stratiﬁcation and salt-wedge
intrusion into estuaries (Sierra et al., 2004; Jang et al., 2012).
Changes in precipitation and river discharge owing to climate
change (e.g., Bergström et al., 2001; Graham, 2004) can alter the
frequency of ﬂoods and the intensity of salt-wedge intrusions. license.
Fig. 1. Yura Estuary and study sites, including river stations (B) and coastal stations
(C).
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ents in biogeochemical environments. Studies on the spatial dis-
tributions of nutrients (Falco et al., 2010; Haralambidou et al., 2010)
and organic matter (Zutic and Legovic, 1987; Cauwet, 1991; Fuks
et al., 1991; Legovic et al., 1994) have suggested that the interface
between the upper freshwater and the lower saline water is
important for structuring primary production in estuaries.
Vertical variability in physical and chemical properties along a
salinity gradient has a decisive inﬂuence on phytoplankton com-
munity composition and primary production (Muylaert and Sabbe,
1999). Aggregations of phytoplankton have been observed as thin
layers at the interface between freshwater and seawater in salt-
wedge estuaries (Legovic et al., 1994; González et al., 2007; Kasai
et al., 2010). Stratiﬁcation would be essential for blooms in this
type of estuary, but the process of nutrient supply and other
limiting factors for blooms have not been studied sufﬁciently.
Although the salinity range is so wide that salt-wedge estuaries can
provide habitats for freshwater, brackish, and seawater phyto-
plankton (Chan and Hamilton, 2001), studies on spatial variation in
phytoplankton composition related to physicochemical properties
have been limited (e.g., González et al., 2007). Moreover, ecological
links among physicochemical structure, primary production, and
zooplankton production in salt-wedge estuaries remain unknown.
The lower reach of the Yura River is a salt-wedge estuary that
ﬂows into the Sea of Japan. From May to December, the river
discharge is generally low, and therefore, the salt-wedge frequently
extends up to 20 km upstream. As the Yura Estuary provides
important nursery grounds for many ﬁshes, including commercial
ﬁsh species (Minami, 1982; Fuji et al., 2010), determining the
mechanisms affecting ecological processes at lower trophic levels is
important. The mechanism of seawater intrusion into the river and
the relationship between seawater intrusion and chlorophyll a dy-
namics in the Yura Estuary was reported by Kasai et al. (2010). They
showed thatwater stratiﬁcation causedbyseawater intrusionwas an
important factor affecting phytoplankton blooms in summer. How-
ever, that paper only used chlorophyll a as an indexof phytoplankton
biomass; the species composition and distribution of phytoplankton
and changes in nutrient dynamics associated with salt-wedge
intrusions were not examined. In this study, we examined the ef-
fects of salt-wedge intrusions on ecological processes at lower tro-
phic levels, from nutrient consumption to zooplankton production.
The objectives of this study were to determine the sources of
nutrients for phytoplankton in the estuary, and to examine the
temporal and spatial changes in phytoplankton and zooplankton.
The physical condition of the Yura Estuary can be divided approx-
imately into two regimes: a salt-wedge regime (summer) and a
freshwater regime (winter). Here we determine the composition of
the phytoplankton community in the downstream portion of the
Yura River under both of these two distinct regimes, and consider
the relationship between salt-wedge intrusions and phytoplankton
succession. We compare the seasonal changes in phytoplankton
biomass (chlorophyll a) and zooplankton density with the seasonal
dynamics of salt water intrusions to investigate the effects of salt-
wedge intrusions on biological production. We hypothesize that
marine phytoplankton populations would increase by using
riverine nutrients under the salt-wedge regime. In addition, we
hypothesize that zooplankton population will increase following
marine phytoplankton blooms.
2. Materials and methods
2.1. Study area
The Yura River, with a total length of 146 km, is amajor river that
ﬂows intoTango Sound, Sea of Japan (Fig.1). It has a total catchmentarea of 1880 km2 and an annual average river discharge of
<50 m3 s1 (Kasai et al., 2010). Forests cover 89% of the total
catchment area. On the Sea of Japan side, northwesterly monsoons
from the Eurasian Continent bring heavy snow inwinter and it also
has high precipitation during the rainy season from June to July.
However, outside of the rainy season, precipitation is generally low
from May to December. Therefore, river discharge is high during
winter to spring (JanuaryeApril) and the rainy season (JuneeJuly)
because of snowmelt and high precipitation, while it is generally
low from early summer to autumn (May, AugusteDecember). The
Yura Estuary is classiﬁed as a micro-tidal estuary with a spring tidal
range of less than 0.5m. The river discharge is generally lowand the
sea level is high from May to December, except during the rainy
season; therefore, the salt-wedge often extends up to 20 km up-
stream. In contrast, from January to April, river discharge is high
and the salt-wedge is rarely observed. These seasonal hydrological
changes inﬂuence the biogeochemical processes in the estuary.
2.2. Field surveys and water sample analyses
Field surveys were conducted in the Yura Estuary, which con-
sists of the downstream portion of the Yura River and the shallow
Tango Sound coastal zone connected to the river mouth. Six sta-
tions were set between a point 17 km upstream and the mouth of
the Yura River, and two stations were located at depths of 5 m (T1)
and 10 m (T2) in the coastal zone (Fig. 1). Monthly surveys were
conducted from January 2007 to March 2008 (except for October
2007 in the river and November 2007 in the coastal zone because of
bad weather). Vertical proﬁles of water temperature, salinity, and
chlorophyll ﬂuorescence were measured with a conductivity/
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Kobe, Japan) at each station. Dissolved oxygen (O2) concentrations
were measured using an environmental monitoring system (YSI
556 MPS, YSI Incorporated, Yellow Springs, OH, USA) starting in
May 2007 at the river stations (Y1, Y2, Y4, and Y6). Water samples
were taken from the surface, middle, and bottom layers by 2- or 5-L
Van Dorn water samplers at Stations Y1, Y2, Y4, Y6, T1, and T2.
Middle layer samples were taken at the median depth at each
station. All water samples were ﬁltered through precombusted GF/
F glass ﬁber ﬁlters (Whatman, Maidstone, Kent, UK) to analyze
chlorophyll a concentrations. The ﬁlters were extracted in the dark
for 12 h in 90% acetone and chlorophyll a concentrations were
measured using a calibrated ﬂuorometer (Trilogy, Turner Designs,
Sunnyvale, CA, USA). Water samples taken from July 2007 to March
2008 were used for nutrient (NO3 , NO

2 , NH
þ
4 , PO
3
4 ) concentration
analyses. Samples for nutrient analyses were ﬁltered with 0.45 mM
ﬁlters (Dismic ﬁlter, Advantec, Durham, NC, USA). Nutrient con-
centrations in ﬁltered samples were measured using an Auto-
Analyzer (TRAACS 2000, BL-Tec, Osaka, Japan).
2.3. Approach for estimating changes in nutrient concentrations
To evaluate changes in nutrient concentrations, we calculated
the difference between the observed concentration of an element
(X) and its predicted conservative concentration (Xmix) as the bio-
logical reduction or addition (DX) at the river station, i.e.,
DX ¼ X  Xmix. Concentrations were determined for NO3 , NO2 ,
NHþ4 , DIN (NO

3 þ NO2 þ NHþ4 ), and PO34 . Predicted nutrient
concentrations (Xmix) were estimated using a linear salinity mixing
model for each survey with two endmembers (Kasai et al., 2010).
The surface concentrations at the uppermost station, Y6, were used
as the riverine endmember for nutrients, and the bottom concen-
trations at the coastal station, T2, were used as the marine end-
member. As no inputs from large tributaries occur in the survey
area, DX is mainly determined by biological and/or chemical pro-
cesses in the downstream portion of the river. DX in each layer was
related with physicochemical parameters (salinity, O2, and chlo-
rophyll a) using the standard Pearson correlation method.
2.4. Phytoplankton identiﬁcation and counts
Water samples were taken from the surface, middle, and bottom
layers using a 2-L Van Dornwater sampler on 19 August 2010 and 21
January 2011. Using thesewater samples, phytoplankton generawere
identiﬁed and thenumberof cellswas counted at river stations Y1, Y2,
and Y4 (Fig. 1). Vertical proﬁles of water temperature, salinity, chlo-
rophyll ﬂuorescence (Compact-CTD, Alec Electronics), and photon
ﬂux density (MDS MkV-L, Alec Electronics) were measured at each
station. Middle layer samples were taken from just below the halo-
cline, which corresponded to the chlorophyll ﬂuorescencemaximum
layer. All water samples were ﬁltered through precombusted What-
manGF/F glass ﬁber ﬁlters to analyze the chlorophyll a concentration
with a ﬂuorometer (Trilogy, Turner Designs). The chlorophyll ﬂuo-
rescence obtained by the CTD proﬁler was calibrated using the
measured chlorophyll a concentrations. Samples for cell counts were
preserved with glutaraldehyde solution at 1%. Phytoplanktons were
identiﬁed to thegenusor family level andcellswere countedunderan
optical microscope (BX50, Olympus, Tokyo, Japan).
2.5. Zooplankton identiﬁcation and counts
Zooplankton samplingwas performed from January to December
2007 at Y1, Y2, Y4, and T2 (Fig. 1). In January (T2), April (Y1), August
(Y1), and December (Y1, Y2, and Y4), sampling data were missing
because of bad weather or mechanical problems. Samples werecollected with a 200-mm mesh net (60 cm diameter) ﬁtted with a
ﬂowmeter by parallel hauls in the near bottom and surface layers for
5 min. Net collections were preserved in a 5% formaldehydee
seawater solution. Counts and species identiﬁcationwere performed
using inverted microscopes on concentrated subsamples to 100 in-
dividuals, and then the density of zooplankton was calculated.
3. Results
3.1. Spatial and temporal distributions of biochemical parameters
Bottom salinity data indicated that the salt-wedge intruded into
the river through the bottom layer from January 2007 to March
2008, with the exception of the periods from June to July 2007
(Fig. 2a) and February to March 2008 (data not shown). The salt-
wedge in the downstream portion of the Yura River retreated
when the river discharge was high due to high precipitation in the
rainy season or snowmelt inwinter. Themean column chlorophyll a
concentration increased when the salt-wedge stagnated in the
downstreamportion of the river fromAugust to September (Fig. 2a).
The salt-wedge intruded up to 17 km upstream and salinity in
the bottom layer was greater than 30 at all stations on 22e23
August 2007 (Fig. 3). The salt-wedge intrusion had a strong effect
on the distributions of chemical and biological parameters along
the Yura Estuary (Fig. 3). O2 was low in the salt-wedge and hypoxic
conditions (O2 < 100 mM) were observed. O2 concentrations in the
bottom layer were lower at the upstream station than at the river
mouth. NO3 þ NO2 was clearly supplied by the river and the
concentration in the surface layer was 10 times higher than that in
the bottom layer when the salt-wedge intruded. In contrast, NHþ4
concentrations were obviously higher in the bottom layer than in
the surface layer. PO34 was high in the surface freshwater and in
the bottom water. The maximum areas of the NHþ4 and PO
3
4 con-
centrations in the deepest zone were linked with the bottom
hypoxic zone in the downstream portion of the river.
When the salt-wedge intruded intensively, chlorophyll a con-
centrations were high, particularly in surface waters near the river
mouth and in the middle layer in the river (Fig. 3). The chlorophyll
maximum formed just below the halocline. The highest concen-
tration was 33.8 mg L1 in the middle layer at station Y6, which was
near the tip of the salt-wedge. In the coastal zone, the chlorophyll a
concentration (mean value 1.5 mg L1) was lower than in the river.
Nutrient concentrations were also low in the coastal zone, espe-
cially in the middle and bottom layers.
The salt-wedge intruded slightly on 28e29 January 2008, but
salt water only remained at the bottom at station Y2, with almost
the entire downstream portion of the river occupied by freshwater
(Fig. 4). O2 concentrations were higher than under the salt-wedge
regime and a bottom hypoxic zone was not observed (Figs. 3 and
4). The distribution of NO3 þ NO2 was linked with the presence of
freshwater and exceeded 30 mM in the river. NHþ4 concentrations
were less than 4 mM and increased slightly in the lower oxygen
zone at station Y2. PO34 was high at the river mouth and in the
deepest zone (station Y2).
Under the freshwater regime, chlorophyll a concentrations were
below 3 mg L1 in the river (Fig. 4). In contrast, chlorophyll a con-
centrations were above 4 mg L1 in the middle layer in the coastal
zone. Nutrient concentrations were also higher in all layers in
winter than in summer in the coastal zone (Figs. 3 and 4).
3.2. Distribution and community composition of phytoplankton in
the river
Salt-wedge water intruded up to station Y6 on 19 August 2010
(data not shown) and the halocline was formed at a depth of 1.5e
Fig. 2. Seasonal variations in (a) copepod density and salinity in the bottom layer and mean chlorophyll a concentrations in the water column; (b) copepod composition in the
bottom layer at stations T2, Y1, Y2, and Y4 from January to December 2007.
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4.5 m. The distribution of chlorophyll a and phytoplankton
composition were variable both vertically and horizontally (Fig. 5).
The chlorophyll a concentration and cell density were high in the
surface freshwater layer, but low in the saline deep layer at station
Y1 (river mouth). In the freshwater layer, phytoplankton blooms
were dominated by colonial cyanobacteria, Chlorophyceae, and
brackish diatoms (Cyclotella spp.), and the cell density reached
16,100 cells mL1. In the saline layer, although marine and brackish
centric diatoms (Chaetoceros spp. and Cyclotella spp.) were domi-
nant, the cell density was considerably lower than in the surface
layer (<2800 cells mL1). At station Y2, Chlorophyceae, colonial
cyanobacteria, and Cyclotella spp. were mainly observed in the
surface layer and the cell density (5800 cells mL1) was 26% of the
level at the river mouth (station Y1). Just below the halocline, the
chlorophyll maximum was observed and marine diatoms(Skeletonema spp., Talassiosira spp., and Pseudo-nitzschia spp.)
formed blooms (cell density was 7000 cells mL1). Phytoplankton
composition in the bottom layer resembled that in the chlorophyll
maximum layer, but the cell density was <500 cells mL1. At the
upper station, Y4, the cell density in the freshwater layer
(1400 cells mL1) was lower than at the downstream stations.
Marine diatoms bloomed in the chlorophyll maximum layer and
the cell density was 12,200 cells mL1. Cell density in the bottom
layer (5700 cells mL1) was higher than at the downstream
stations.
Freshwater occupied the downstream portion of the river and
seawater only remained in the deep zone (Station Y2) on 21 January
2011 (Fig. 6). The euphotic layer, where the photon density was
over 1%, was shallower than 10 m. The chlorophyll a concentration
was less than 1.0 mg L1 in all layers. The highest phytoplankton cell
density was 360 cells mL1, whichwas only 2% of themaximum cell
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Fig. 3. Longitudinal transects of salinity, dissolved oxygen (O2), NO3 þ NO2 , NHþ4 , PO34 , and chlorophyll a along the Yura Estuary on 22e23 August 2007.
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Fig. 5. Vertical proﬁles of salinity, chlorophyll a, photon ﬂux density, and the cell density of phytoplankton on 19 August 2010 at stations Y1, Y2, and Y4.
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surface layer were pennate diatoms and colonial cyanobacteria
(Fig. 6). In contrast, in the saline layer, marine diatoms such as
Skeletonema spp. rarely appeared at station Y2.
3.3. Changes in nutrient concentrations in the river
DNO3 was generally negative in all three layers in low-salinity
water (Fig. 7a). The reduction in NO3 was particularly notable in
the surface andmiddle layers within a salinity range of 0e15. DNO3
tended to be negativewhen the O2 concentrationwas above 150 mM,
whereas DNO3 was frequently positive or null when O2 was below
150 mM (Fig. 7b). Additionally, DNO3 in the surface layer decreased
with the chlorophyll a concentration (r ¼ 0.42, p < 0.05; Table 1),
but the relationships between DNO3 and chlorophyll a concentra-
tions in the middle and bottom layers were not signiﬁcant (Fig. 7c,
Table 1).DNO2 andDNH
þ
4 were high in themiddle andbottom layers
in areas of high salinity (Fig. 7d, g). DNO2 and DNH
þ
4 increased with
reductions in O2 (Fig. 7e, h, Table 1). DNO2 and DNH
þ
4 became near
null with high chlorophyll a concentrations (Fig. 7f, i). DDIN was
frequently negative under lowsalinityandhighO2 conditions (Fig. 7j,
k). In contrast, under high salinity and low O2 conditions, DDIN
increased in themiddle and bottom layers. DDIN decreased with the
chlorophyll a concentration (r ¼ 0.46, p < 0.01; Table 1). DPO34increased when O2 was below 150 mM with high salinity in the
middle and bottom layers (Fig. 7m, n), indicating elusion from hyp-
oxic bottom sediments. DPO34 in the surface layer decreased with
the chlorophyll a concentration (r ¼ 0.72, p < 0.001; Table 1).
3.4. Seasonal changes in the copepod community
The zooplankton community was dominated by copepods in
2007 (data not shown). Copepod density in the downstream
portion of the Yura River was variable along the salinity gradient
(Fig. 8). In the surface layer with low salinity, copepod density was
low (0.001e14.2 ind. L1) and copepod density increased with
salinity. In the bottom layer, copepods were more abundant than in
the surface layer, and the maximum density was 80.9 ind. L1 with
high temperature.
Copepod density in the bottom layer displayed temporal and
spatial variability in the estuary. It was signiﬁcantly affected by
salt-wedge dynamics (Fig. 2). During the rainy season (JuneeJuly)
and winter (JanuaryeMarch), high river discharge ﬂushed out the
saline water, especially at stations Y1 and Y4, which were shallow
and upper sites, respectively. Chlorophyll a concentrations in the
river were low during this period (0.9e2.2 mg L1). Copepod
density decreased at these stations during high ﬂow seasons. In
contrast, at the deeper riverine station, Y2 (>7 m depth), salt water
Fig. 6. Vertical proﬁles of salinity, chlorophyll a, photon ﬂux density, and cell density of phytoplankton on 21 January 2011 at stations Y1, Y2, and Y4.
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abundant throughout the year. The maximum density was
80.9 ind. L1 at station Y2 on 19 June 2007. From summer to
autumn (AugusteOctober), the frequency of ﬂush due to heavy
rain was so low that salt water stagnated for long periods in the
river. Chlorophyll a concentrations from summer to autumn (3.3e
21.7 mg L1) were higher than in winter. Copepod density was high
at every river site during this period. Copepod densities were
13.7 ind. L1 at Y1, 24.7 ind. L1 at Y2, and 32.8 ind. L1 at Y4 in
September.
In the downstream portion of the Yura River, copepods from
three genera, Oithona spp., Acartia spp., and Pseudodiaptomus spp.,
were dominant and abundant (Fig. 2b). Oithona spp. (dominated by
O. davisae) was abundant in salt water and was particularly domi-
nant when temperatures ranged from 10 C to 20 C during
JanuaryeJuly (Figs. 2 and 8). In contrast, Acartia spp. (dominated by
A. tsuensis) also appeared in high salinity water and apparently
increased under high temperatures (>25 C) from August to
October (Figs. 2 and 8). Pseudodiaptomus spp. were also abundant in
salt water (Fig. 8).
In the coastal zone (station T2), the density of all copepods
showed seasonal variability, being abundant in winter (Fig. 2). The
density of all copepods increased above 10.0 ind. L1 in February
and October 2007. Chlorophyll a concentrations were also high inFebruary (4.1 mg L1) and October (3.6 mg L1). In contrast, fromMay
to September, chlorophyll a concentrations were consistently low
(0.9e2.8 mg L1). During this period, except for June and September,
the density of copepods (1.0e2.3 ind. L1) was slightly lower than
during autumn and winter. The copepod community was domi-
nated by Paracalanus spp. in winter and by Oithona spp. in summer.
From autumn to winter, copepod nauplii were abundant in the
community.
4. Discussion
4.1. Relationship between salt-wedge intrusion and phytoplankton
succession
During the low river ﬂow period (from early summer to
autumn), phytoplankton blooms occur in the downstream portion
of the Yura River. Kasai et al. (2010) proposed two hypotheses for
the mechanism of the formation of a thin layer at the chlorophyll
maximum. First, phytoplankton that increase in abundance at the
surface at the river mouth may be transported upstream through
the middle layer by estuarine circulation. Second, marine phyto-
plankton would bloom using riverine nutrients at the interface
between the upper and lower layers. In this study, we found that
two phytoplankton groups were present in blooms in the
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K. Watanabe et al. / Estuarine, Coastal and Shelf Science 139 (2014) 67e7774downstream portion of the river under a signiﬁcant salt-wedge
regime (summer). These two groups, freshwater and brackish
species and marine species, were distributed separately along the
salinity gradient.
Under the salt-wedge regime, phytoplankton cell density in the
surface layer was high at the river mouth (Y1) and colonial cya-
nobacteria, Chlorophyceae, and brackish diatoms (Cyclotella spp.)
were dominant (Fig. 5). As Japanese rivers are generally steep andhave short residence times, freshwater phytoplankton blooms
rarely occur except in dammed lakes (Murakami et al., 1992).
However, during low ﬂow periods, increases in the residence time
of water in rivers can cause riverine phytoplankton blooms
(Murakami et al., 1994). In the Yura River, river discharge was low
and residence time would be longer in summer. Additionally, the
high sea level could prevent freshwater ﬂowing out to the sea in
summer. The increase in residence time would stimulate fresh and
Table 1
Pearson correlation coefﬁcients (r) between DX values and physicochemical parameters along the downstream portion of the Yura River. Values for r are only displayed when
the overall regression model was statistically signiﬁcant. *, p < 0.05; **, p < 0.01; ***, p < 0.001; n.s., not signiﬁcant.
Parameter Layer n DNO3 DNO

2 DNH
þ
4 DDIN DPO
3
4
r p r p r p r p r p
Salinity Surface 30 0.50 ** e n.s. e n.s. 0.53 ** 0.66 ***
Middle 23 0.50 * 0.47 * e n.s. 0.55 ** 0.56 **
Bottom 30 e n.s. 0.44 * 0.51 ** 0.41 * 0.60 ***
O2 Surface 30 e n.s. e n.s. e n.s. e n.s. 0.42 *
Middle 23 e n.s. 0.50 * 0.51 * 0.44 * 0.52 *
Bottom 30 0.39 * 0.56 ** 0.64 *** 0.65 *** 0.71 ***
Chlorophyll a Surface 30 0.42 * e n.s. e n.s. 0.46 ** 0.72 ***
Middle 23 e n.s. e n.s. e n.s. e n.s. 0.52 **
Bottom 30 e n.s. e n.s. e n.s. e n.s. e n.s.
K. Watanabe et al. / Estuarine, Coastal and Shelf Science 139 (2014) 67e77 75brackish phytoplankton blooms in the downstream portion of the
Yura River. Colonial cyanobacteria are tolerant of high light in-
tensities (Costa et al., 2009) and prefer high temperature and
eutrophic conditions (Gaulke et al., 2010). These conditions would
encourage the growth of cyanobacteria in the surface layer in
summer.
Marine diatoms (Skeletonema spp., Thalassiosira spp., and
Chaetoceros spp.) dominated the chlorophyll maximum layer just
below the halocline under the salt-wedge regime (Fig. 5). Marine
diatom blooms with salt-wedge intrusions have also been reported
in other estuaries (Twomey and John, 2001; González et al., 2007).
In this study, the dominant phytoplankton groups below the
halocline differed from those growing at the surface at the river
mouth. Furthermore, marine phytoplankton populations increasedFig. 8. Density of copepods in relation to salinity and temperature observed in the
downstream portion of the Yura River (station Y1, Y2, and Y4) from January to
November 2007. All copepods and dominant genera are shown. Open circle: surface
layer. Shaded circle: bottom layer.as they were transported from the coastal water to upstream areas
in the saline layer (Figs. 3 and 5). These observations support the
second hypothesis proposed by Kasai et al. (2010) and showed that
marine phytoplankton increased in situ below the halocline and
created the chlorophyll maximum. The optimal salinity range for
each diatom strain depends on the salinity of its original habitat
(Balzano et al., 2011). Since marine diatoms that were found in the
salt-wedge might have originally been distributed in the coastal
zone with higher salinity, they could only increase in abundance
below the halocline. Moreover, the supply of nutrients from the
freshwater and sufﬁcient light conditions would stimulate the
formation of a thin maximum layer just below the halocline
(Durham and Stocker, 2012). Under a freshwater regime in the rainy
season, the chlorophyll a concentrationwas low (Fig. 2) and marine
phytoplankton was absent (K. Watanabe, unpublished data). Even
in summer, the high river discharge washed out phytoplankton
from the river and reduced the phytoplankton production under
this regime.
The residence time of water in the downstream portion of the
river is not sufﬁcient for phytoplankton growth due to high river
discharge inwinter and spring (Fig. 6). Marine phytoplankton could
not stay in the area because of the high frequency of ﬂushing with
saline water. The downstream portion of the Yura River would play
a minor role in phytoplankton production in the estuary during
high-discharge seasons. In this study, we determined the phyto-
plankton composition only under two extreme conditions. In future
studies, phytoplankton succession needs to be investigated during
the transition period between these regimes.4.2. Linkages between nutrient dynamics and primary production
with salt-wedge intrusion
NO3 and PO
3
4 concentrations were high in riverine freshwater
and low in coastal water in the Yura Estuary (Figs. 3 and 4). This
indicates that the main source of NO3 and PO
3
4 in salt-wedge es-
tuaries is riverine inputs (Sierra et al., 2002; Haralambidou et al.,
2010). NO3 and PO
3
4 were mainly consumed in low-salinity wa-
ter (0e15; Fig. 7). Surface DNO3 and DPO
3
4 decreased with chlo-
rophyll a concentrations (Fig. 7c, o, Table 1). Therefore, the main
factor affecting NO3 and PO
3
4 reduction in the low-salinity water
would be freshwater and brackish phytoplankton blooms in the
low ﬂow period (summer).
In addition to assimilation by phytoplankton, the dynamics of
DIN and PO34 in the salt-wedge water changed with reductions in
O2 (Figs. 3 and 7). Oxygen consumption during the aerobic
decomposition of organic matter would affect the O2 reduction in
the salt-wedge. Hypoxic events have been reported in various salt-
wedge estuaries. Haralambidou et al. (2010) suggested that an in-
crease in the residence time of saline water promotes sediment
decomposition. Weston et al. (2010b) indicated that salt water
K. Watanabe et al. / Estuarine, Coastal and Shelf Science 139 (2014) 67e7776intrusions stimulate microbial decomposition and accelerate the
mineralization of organic matter. Moreover, in the Ebro River es-
tuary, terrestrial organic matter sedimented from the upper fresh-
water layer was mineralized in the lower salt water layer (Sierra
et al., 2002; Falco et al., 2010). In the downstream portion of the
Yura River, the salt-wedge stagnated for a long time in the bottom
layer during low ﬂow periods. Phytoplankton blooms would supply
large amounts of organicmatter to the bottom salt water. Therefore,
the promotion of the mineralization of organic matter by a salt-
wedge intrusion would result in hypoxia in the saline layer.
NHþ4 supplied frommineralization transforms into NO

3 via NO

2
by nitrifying processes in a salt-wedge. NHþ4 , NO

2 , and NO

3
increased in the saline hypoxic layer, suggesting that the efﬂux of
NHþ4 with mineralization and nitriﬁcation occurred (Figs. 3 and 7).
PO34 was also released with the reduction in O2 in the saline layer
(Figs. 3 and 7). Mineralization promoted by the salt-wedge intru-
sion would be the key factor affecting the supply of DIN and PO34 .
The release of PO34 from anoxic sediments is another known factor
(House, 2003). PO34 that is attached to terrestrial soil sediments
that ﬂow into the estuary is released into the water column with
the increase in salinity (Fox et al., 1986; Inoue and Ebise, 1991).
Therefore, the salt-wedge intrusion and subsequent hypoxia trigger
the supply of PO34 from the sediments and suspended solids into
the saline layer.
Variationwas observed in DDIN (0e22 mM) and DPO34 (0.06 to
1.98) under low O2 conditions (O2 < 150 mM), and the relationship
between the nutrient increase and O2 consumption did not balance
(Fig. 7k and n). Less DIN and PO34 were regenerated than predicted
based on the Redﬁeld ratio (Redﬁeld et al., 1963) and the O2 con-
sumption. This imbalance may occur due to the consumption of re-
generated DIN and PO34 in salt water. Because sufﬁcient light is
available in the saline layer, DIN and PO34 regenerated in the salt-
wedge would be used by marine phytoplankton in the saline water.
Thisﬁnding is supportedbya study in theKrkaEstuary (Legovic et al.,
1994). Weston et al. (2010a) also suggested that salinity-mediated
desorption and the ﬂux of NHþ4 from the sediment is a potentially
important source ofDIN for primary producers in lowﬂowperiods in
a salt-wedge estuary. Therefore,we concluded that the ampliﬁcation
of marine diatom blooms would be driven not only by riverine nu-
trients but also by regenerated nutrients in the salt-wedge.
The DIN/PO34 ratio ranged from 4.9 to 171.2 mol mol
1
(mean  standard error ¼ 58.0  5.0 mol mol1) at the river sta-
tions. The DIN/PO34 ratio was mostly higher than the Redﬁeld ratio
(N/P¼ 16; Redﬁeld et al., 1963), indicating that phosphorus was the
potentially limiting nutrient in the downstream portion of the Yura
River. Dissolved silicate (DSi) is another important nutrient for di-
atoms. In our subsequent surveys from 2010 to 2011, the DSi/DIN
ratio was higher (6.8  0.8 mol mol1; K. Watanabe, unpublished
data) than the Redﬁeld ratio (Si/N ¼ 1; Redﬁeld et al., 1963), sug-
gesting that the DSi concentration would be sufﬁcient for the
growth of diatoms in the downstream portion of the Yura River.
4.3. Trophic ecological processes in a seasonal salt-wedge estuary
Copepods increased synchronously with seasonal salt-wedge
intrusions and the dominant genus was abundant in the saline
layer (Figs. 2 and 8). Copepods were abundant during Maye
September when phytoplankton blooms occurred, with the
exception of during the rainy season. The dominant genera, Oithona
spp., Acartia spp., and Pseudodiaptomus spp., are often observed in
estuaries and bays in Japan (Hirota and Hara, 1975; Ueda, 1991;
Kawabata and Defaye, 1994; Uye et al., 2000). Copepods trans-
ported by the salt-wedge intrusion would increase in the down-
stream portion of the Yura River, feeding on the abundant
phytoplankton under the salt-wedge regime (summer). In highlymixed estuaries, copepods are often abundant in turbidity
maximum zones where they use accumulated organic matter,
mainly phytoplankton and detritus (Suzuki et al., 2008; Botto et al.,
2011). In salt-wedge estuaries, copepods increase using organic
matter that is accumulated at the halocline (Vidjak et al., 2009). In
the Yura River, copepods assemble in the chlorophyll maximum
layer and feed on the abundant phytoplankton. However, from June
to July, seasonal ﬂoods ﬂush copepods out of the river, and they can
only replace their biomass after the recovery of stratiﬁcation and
phytoplankton production in the river (Ueda et al., 2004). The
washout and recovery of the copepod community would be
repeated frequently and rapidly in the river.
Antonio et al. (2010a,b, 2012) investigated the spatial and
temporal structure of the benthic community in the Yura Estuary
and examined their food sources using stable isotopes. They
showed that organic matter derived from marine phytoplankton
was used by some benthic species in the river from spring to
summer (Antonio et al., 2012). Marine phytoplankton increasing in
the salt-wedge then contribute largely to benthic production dur-
ing spring to summer.
Recent studies have shown that salt-wedge estuaries play
important roles as nursery grounds for ﬁsh larvae. Salt-wedge
intrusion is important for the successful reproduction and survival
of black bream Acanthopagrus butcheri, white perch Morone ameri-
cana, and striped bassMorone saxatilis (North andHoude, 2001, 2006;
Jenkins et al., 2010; Williams et al., 2012). Zooplankton abundance
was found to increasebyusingdetritus thatassembledat the tipof the
salt-wedge, which provided an environment with plentiful food for
ﬁsh larvae (North and Houde, 2003; Shoji et al., 2005).
The abundant phytoplanktonunder the salt-wedge regime could
also serve as the base of the food web in the downstream portion of
the Yura River. Juvenile temperate seabass Lateolabrax japonicus
migrate into the river with seawater intrusions and growwell using
mysids and copepods in spring and early summer (Fuji et al., 2010,
2011). Furthermore, the abundant copepods support the produc-
tion of gobies in warm seasons (Aoki et al., in press). The abundant
phytoplankton under the salt-wedge regime would enhance pop-
ulations of zooplankton and ﬁsh, and augment benthic production
in the downstream portion of the river during spring and summer.
The residence time of riverine nutrients increases as nutrients
are reused in the salt-wedge from spring to summer. This mecha-
nism may reduce the nutrient inputs into the Tango Sound coastal
zone, which would weaken phytoplankton and zooplankton pro-
duction there (Figs. 2 and 3). In contrast, during winter to early
spring, high river discharge supplies almost all of the nutrients
directly into the coastal zone, enhancing primary production in
Tango Sound (Figs. 2 and 4). Some important commercial ﬁshes in
this area, such as seabass and ﬂounder, spend their larval period
and consume zooplankton in the shallow coastal zone of Tango
Sound fromwinter to spring when zooplankton production is high
(Minami, 1982; Fuji et al., 2010; Islam et al., 2010). After this period,
juveniles leave the pelagic water column; ﬂounder settle on the
shallow bottom (Minami, 1982) and seabass move to the river or
bottom ecosystem in the coastal zone (Fuji et al., 2010), where
mysids are abundant in spring and summer (Fuji et al., 2010, 2011).
This indicates that these ﬁshes efﬁciently use the biological pro-
duction system that changes spatially and temporally in the study
area. As we showed in this study, seasonal changes in river
discharge and the dynamics of salt-wedge intrusions greatly affect
biological production in this shallow coastal ecosystem.
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